Power AS, Pham T, Loiselle DS, Crossman DH, Ward M, Hickey AJ. Impaired ADP channeling to mitochondria and elevated reactive oxygen species in hypertensive hearts. Am J Physiol Heart Circ Physiol 310: H1649 -H1657, 2016. First published April 15, 2016; doi:10.1152/ajpheart.00050.2016.-Systemic hypertension initially promotes a compensatory cardiac hypertrophy, yet it progresses to heart failure (HF), and energetic deficits appear to be central to this failure. However, the transfer of energy between the mitochondria and the myofibrils is not often considered as part of the energetic equation. We compared hearts from old spontaneously hypertensive rats (SHRs) and normotensive Wistar controls. SHR hearts showed a 35% depression in mitochondrial function, yet produced at least double the amount of reactive oxygen species (ROS) in all respiration states in left ventricular (LV) homogenates. To test the connectivity between mitochondria and myofibrils, respiration was further tested in situ with LV permeabilized fibers by addition of multiple substrates and ATP, which requires hydrolysis to mediate oxidative phosphorylation. By trapping ADP using a pyruvate kinase enzyme system, we tested ADP channeling towards mitochondria, and this suppressed respiration and elevated ROS production more in the SHR fibers. The ADP-trapped state was also less relieved on creatine addition, likely reflecting the 30% depression in total CK activity in the SHR heart fibers. Confocal imaging identified a 34% longer distance between the centers of myofibril to mitochondria in the SHR hearts, which increases transverse metabolite diffusion distances (e.g., for ATP, ADP, and creatine phosphate). We propose that impaired connectivity between mitochondria and myofibrils may contribute to elevated ROS production. Impaired energy exchange could be the result of ultrastructural changes that occur with hypertrophy in this model of hypertension. CHRONIC SYSTEMIC HYPERTENSION increases the work load of the heart and leads to the development of pathological hypertrophy (32). Initial compensatory responses to increased workloads increase both left ventricular (LV) and total cardiac muscle mass. This promotes cardiomyocyte architectural remodeling alongside changes in metabolic pathways, which all appear to promote heart failure (32). Given that mitochondria in the healthy heart occupy about 35-40% of cardiomyocyte volume (23) and produce up to ϳ95% of the adenosine triphosphate (ATP) (2), it is not surprising that bioenergetic deficiencies have been identified in animal and human models of pathological hypertrophic heart failure (34). These deficiencies include decreased mitochondrial respiration (1), an impaired creatine kinase (CK) shuttle system (12, 22), and altered substrate utilization (19). However, how all these complications are linked have yet to be explored.
NEW & NOTEWORTHY

Oxygraphs coupled to fluorimeters showed that, within aged spontaneously hypertensive rat (SHR) hearts, ADP appears to be poorly channeled to mitochondria, thereby promoting reactive oxygen species (ROS) production. Consistent with this observation, cardiomyocyte structure reveals increased mean diffusion distances from mitochondria to myofibrils, relative to those of normotensive rats.
CHRONIC SYSTEMIC HYPERTENSION increases the work load of the heart and leads to the development of pathological hypertrophy (32) . Initial compensatory responses to increased workloads increase both left ventricular (LV) and total cardiac muscle mass. This promotes cardiomyocyte architectural remodeling alongside changes in metabolic pathways, which all appear to promote heart failure (32) . Given that mitochondria in the healthy heart occupy about 35-40% of cardiomyocyte volume (23) and produce up to ϳ95% of the adenosine triphosphate (ATP) (2), it is not surprising that bioenergetic deficiencies have been identified in animal and human models of pathological hypertrophic heart failure (34) . These deficiencies include decreased mitochondrial respiration (1) , an impaired creatine kinase (CK) shuttle system (12, 22) , and altered substrate utilization (19) . However, how all these complications are linked have yet to be explored.
It is well documented that the total ATP concentration ([ATP]) in failing hearts can be significantly depressed. However, depressed [ATP] may not be limiting, as [ATP] in HF does not appear to fall below estimated ATP requirements (or overall K m ) of cellular ATPases (19) . Yet within a cardiomyocyte compartmentalization model (3) , [ATP] and [ADP] likely differ from those in the healthily heart. ADP and ATP must be effectively transported between the mitochondria and ATPases. Adenine phosphate nucleotides are bulky and negatively charged so subsequently diffuse poorly. Furthermore, they can be scavenged on route to sites of demand and can also act as chelators (18) . The smaller, less charged, and more diffusible molecule, creatine phosphate (CrP), in conjunction with the CK shuttle theoretically decreases the reliance on adenylate diffusion (7) . While the importance of the CK system seems questionable in creatine-deficient mice (30) , CK enzymes appear to be essential in mammalian hearts (43) . Cardiac creatine is rephosphorylated primarily within the intermembrane space of mitochondria by the mitochondrial CK (mtCK) using freshly synthesized ATP. CrP diffuses down its concentration gradient to a distal site where bound myofibrillar CK (MMCK) rephosphorylates ADP to ATP. In pathological states, including cardiac hypertrophy, the CK system is impaired and this impacts ATP buffering (34, 43) . Under high workloads in HF, an increased dependence on ATP and ADP diffusion likely occurs, and this may be further impacted by structural changes within pathologically altered cardiomyocytes.
The heart shows considerable plasticity with increased workloads, which mediates hypertrophy that is physiological (i.e., exercise/athletic induced) or pathological. The former adaptive response results from increases in cardiomyocyte length (thereby maintaining cell diameter) (16) , while pathological hypertrophy results in the addition of sarcomeres in parallel, and this increases cell diameter (32) . Changes in cell dimension can impact diffusion, as ATP, ADP, and CrP move more slowly radially, due to the obstruction from mitochondria and the sarcoplasmic reticulum (24) . If the space occupied by myofibrils is greater radially within pathological hypertrophic hearts, this also increases distances and thereby impedes diffusion between the ATP sources and sinks.
Impaired exchange, such as decreased ADP supply to mitochondria, is expected to impact oxidative phosphorylation (OXPHOS) and alter electron flow in the electron transport system (ETS) and mitochondrial membrane potential. This would further elevate the role of mitochondria as an underlying driver of the failing heart. In addition to being an "engine out of fuel," it can be characterized as an impaired motor with a faulty transmission. Typically, mitochondrial OXPHOS capacity is assessed in vitro using saturating [ADP] (1-5 mM), whereas in vivo [ADP] is low (M range) and [ATP] and [CrP] are high (mM range) (7) . Bioenergetic function, in pathological states, would incorporate restricted diffusion and/or impaired facilitated transport (via the creatine shuttle). This would be expected to slow the effective delivery of ADP to OXPHOS, increase the redox state of the mitochondria, and, therefore, promote the excessive production of reactive oxygen species (ROS) (17) .
The aim of this study was to test the cellular energy production and transfer system of the heart in pathological hypertrophy. To carry out our aim, we compared 20-mo normotensive Wistar controls to age-matched spontaneously hypertensive rats (SHR), which develop significant hypertrophy with impending progression to heart failure (15) . We assessed mitochondrial function in left ventricular (LV) homogenates, which present all mitochondria within the sample (37) with greatly diminished diffusion restrictions, as well as in permeabilized fibers where 95% of the mitochondria and the subcellular architecture remains intact thereby restricting adenylate diffusion (27, 38) . We then compared muscle organelle distribution within cardiomyocytes in fixed LV samples from SHR and Wistar hearts. We hypothesized that ADP channeling would be impaired in SHR hearts and this would promote ROS production, compared with controls.
MATERIALS AND METHODS
Animals
SHR and Wistar controls were housed in pairs and fed standard rat chow and tap water ad libitum for 84 -86 wk. All studies were approved by the Animal Ethics Committee of the University of Auckland (R925). All chemicals were sourced from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Animals were anesthetized with isoflurane before weighing and measuring of blood glucose. Hearts were excised under anesthesia and immediately arrested in ice-cold saline and weighed. The free wall of the LV was then dissected into three parts. Approximately 50 mg was stored in ice-cold Custodial Histidine-Tryptophan-Ketoglutarate preservation buffer before respirometry measurements (39) . A second sample (ϳ200 mg) was fixed for imaging (see below). The remaining tissue was frozen in liquid nitrogen for later enzyme activity assays.
High-Resolution Respirometry
Mitochondrial respirometry assays were performed using oxygraph-O2K high-resolution respirometers (Oroboros Instruments, Innsbruck, Austria). Oroboros O2F-Fluorometer (protocols 1 and 2) and custom-made fluorometer (protocol 3) were inserted into the front two windows of the O2k chambers to measure fluorescence. Tissue was added to each chamber of the oxygraph suspended in 2 ml of respiration buffer (in mM: 0.5 EGTA, 3 MgCl 2, 60 K-lactobionate, 20 taurine, 10 KH 2PO4, 20 HEPES, 110 sucrose, and 1 g/l of BSA, pH 7.1). Respiration was measured as weightϪspecific O 2 flux (pmol·s Ϫ1 ·mg Ϫ1 ) in DatLab5 (Oroboros Instruments). We chose to use heart tissue (homogenate or permeabilized fibers) as a representative sample of heart mitochondria, which excludes selection bias during the isolation process of both cardiomyocytes and mitochondria (27) . While heart tissue is made up of nonmuscle cells, the majority of the cross-sectional area (ϳ84%) is made up of cardiomyocytes and the remaining area is made up by blood vessels and collagen cords (13) , all of which are metabolically less active. Three different protocols were performed to assess mitochondrial capacity and connectivity. All experiments were performed at 37°C.
Protocol 1: measurement of mitochondrial efficiency in LV homogenate (ATP production). LV tissue (40 mg/ml) was homogenized for 15 s in ice-cold respiration buffer and added (1 mg/ml) to each oxygraph chamber containing Magnesium Green, pentapotassium salt (5 M; Thermofisher Scientific), together with ouabain (0.03 mM) to inhibit the Na ϩ -K ϩ ATPase, and blebbistatin (0.05 mM) to inhibit myosin heavy chain ATPase (26) . ATP production was measured by following Magnesium Green (MgG) fluorescence to detect ATP-ADP exchange at a wavelength excitation/emission of 503/530 nm (37) . Complex I (CI) activity was determined using malate (2 mM), glutamate (10 mM), and pyruvate (10 mM). CI-and Complex II (CII)-mediated leak respiration was then initiated by addition of succinate (10 mM). Finally, Mg 2ϩ -free ADP (5 mM) was added to stimulate CI ϩ CII OXPHOS and ATP production was measured. The tissue was allowed to respire into anoxia, at which point oligomycin (5 M) was added to inhibit ATP synthase and to record the background signal used to calibrate the fluorescence signal as described previously (37) .
[ATP]/[O] is calculated from concurrent measurements of ATP production and O2 flux during CI ϩ CII OXPHOS (ATP production/O2 flux ϫ 2).
Protocol 2: measurement of maximal oxidative capacity and ROS production in LV homogenate. Net ROS production was measured simultaneously with respirational flux using Amplex UltraRed (AMPR; Thermofisher Scientific). The combined mitochondrial H2O2 and superoxide radical [O 2 ·Ϫ , further reduced with exogenous superoxide dismutase (SOD)] are linked to horseradish peroxidase, which in turn reacts with AMPR to form a fluorescent product, which was followed at respective 563/587 nm excitation/emission wavelengths. AMPR (5 M), SOD (10 U), and horseradish peroxidase (10 U) were added to the chambers, followed by H2O2 (330 nM) to calibrate the ROS signal. Homogenate tissue (2 mg wet weight) was added to each chamber and allowed to equilibrate. CI and CII substrates were added to stimulate Leak respiration states. Addition of ADP (2.5 mM) stimulated OXPHOS. Leak rate of CI ϩ CII was again determined by addition of oligomycin (5 M), followed by repeated titration of FCCP (0.5 M) to uncouple mitochondria. Antimycin A (5 M) was added, and the activity of cytochrome c oxidase (CCO) was measured using the electron donor couple N,N,N=,N=-tetramethyl-p-phenylenediamine (TMPD; 0.5 mM) and ascorbate (2 mM). To account for nonmitochondrial ROS production the background ROS signal was measured before the addition of mitochondrial substrates and subtracted from all ROS measurements presented.
Protocol 3: measurement of energetic connectivity in permeabilized fibers. Saponin permeabilization of heart fibers permits measurement of mitochondrial respiration while keeping them intact in their physiological settings with connections to myofibrils (38) . Fibers were prepared immediately before each assay (17) and ϳ2 mg were added to each oxygraph chamber. The O 2 concentration was kept above 350 M to overcome O2 diffusion barriers in the preparations. Steadystate respiration rate was achieved before the titration of each substrate into the chambers. The following substrates/enzymes were titrated sequentially to measure different Leak and OXPHOS states: glutamate (10 mM) and malate (5 mM) (CI-Leak), 5 mM succinate (CI-CII-Leak), 10 mM ATP (OXPHOS), 2 mM phosphoenolpyruvate (substrate for pyruvate kinase), 10 U of pyruvate kinase ϫ 2 (enzyme trap for ADP), and finally 10 mM creatine (to promote localized production of ADP in mitochondria).
Enzyme Assays
Citrate synthase. Tissue stored at Ϫ80°C was thawed, weighed, and homogenized 1:10 (wt/vol) in cold homogenization buffer (in mM: 1 EDTA, 2 MgCl 2, 50 KCl, 25 mM Tris·HCl, and 0.5% Triton X-100, pH 7.4). The homogenate was centrifuged at 20,000 g at 4°C for 10 min. The supernatant was then diluted 10-fold with homogenization buffer and 5 l were added to 195 l of reaction buffer [in mM: 0.1 acetyl CoA, 0.2 DTNB (5,5=-disthiobis-2-bitrobenzoic acid), and 50 mM Tris·HCl, pH 8] in a 96-well plate. The assay was started by adding oxaloacetate (0.5 mM) and absorbance was measured at 412 nm using the Spectramax 340PC plate reader, following the production of TNB, which is coupled to the product of the citrate synthase reaction (42) .
Creatine kinase. Creatine kinase activity was coupled to reactions catalyzed by hexokinase and glucose-6-phosphate dehydrogenase, which is stoichiometrically linked to the breakdown of CrP (21) . G6P dehydrogenase (2.5 U/ml; Roche) and hexokinase (2.5 U/ml; Roche) were added to 190-ul reaction buffer (in mM: 10 MgCl 2, 100 KCl, 20 glucose, 1 ADP, 10 AMP, 10 CrP, 1.6 NADP ϩ , and 50 Tris·HCl, pH 8.6) in a 96-well plate. The assay was started by adding the same supernatant as prepared above and the increase in NADPH absorbance was followed at 340 nm.
Actomyosin. Tissue was weighed and homogenized 1:20 (wt/vol) as above and centrifuged at 17, 500 g for 5 min and the supernatant was discarded. The pellet was resuspended and washed three times with 50 mM Tris·HCl (pH 8). Four microliters of the final suspension were added to 196 l of the reaction buffer [the respiration buffer supplemented with the following (in mM): 0.01 rotenone, 2 oligomycin, 0.01 ouabain, and 0.2 NADH], which linked ATP breakdown to a decrease in NADH using 3.23 U/m of lactate dehydrogenase and 2 U/l of pyruvate kinase (17) . The decrease in NADH absorbance was measured as for the CK assay.
Immunolabeling and Imaging
LV free wall tissue blocks were immersion-fixed in 1% paraformaldehyde for 1 h at 4°C before being cryoprotected with 30% sucrose in phosphate-buffered saline (PBS). The blocks were then frozen in liquid nitrogen cooled 2-methylbutane and cryosectioned into 10-m sections. Sections were incubated for 1 h with image iT FX signal enhancer (Life Technologies) and washed once with PBS for 5 min. Sections were triple labeled for mitochondria (Tom20), f-actin (phalloidin), and sarcolemma [wheat germ agglutinin (WGA)]. The sections were incubated overnight at 4°C with primary antibody rabbit anti-Tom20 (1:200; sc-11415; Santa Cruz Biotechnology) in PBS with 1% BSA and 0.01% sodium azide. Sections were washed three times in PBS before 2 h of incubation at room temperature with secondary goat anti-rabbit Alexa 488 (1:200; Thermofisher Scientific) in PBS with 1% BSA, 0.01% sodium azide, Alexa 594-phalloidin (1:50; Thermofisher Scientific), and Alexa 680-WGA (1:50; Thermofisher Scientific). Sections were washed three times in PBS and mounted in Prolong Gold (Thermofisher Scientific). Three-dimensional images (0.25-m spacing, 82-nm pixel size) were acquired with a Zeiss 710 laser scanning microscope using a Zeiss ϫ63 oil-immersion objective NA 1.40. Images were deconvolved using the Richardson-Lucy algorithm described by Soeller and Cannell (41) . The densities of mitochondria, f-actin, and the t-tubules were measured by creating a mask for each channel in Fiji (ImageJ). The average distances from the centre to the edge of the mitochondrial clusters and the myofibrils were then calculated using a skeletonization and edge-detection script in Python (Version 7.3.2).
Data Analysis
Data are presented as mean Ϯ SE unless otherwise specified. Statistics were performed in GraphPad Prism using unpaired t-tests to compare between groups or paired t-tests to compare between different respiratory states. Statistical significance is denoted by *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
RESULTS
Animal Data
As shown in Table 1 , SHR hearts were almost double the size of Wistar hearts despite having approximately half the body weight of the Wistars. Relative to body mass, the SHR hearts were more than threefold larger than those of Wistars. Blood glucose levels between the two groups did not differ. At this age, the SHR animals did not show any signs of heart failure, although we have found these animals rapidly progress to heart failure (15) .
Respirometry
LV homogenates show depressed mitochondrial function and increased ROS production. When mitochondrial respiration was measured in LV homogenates, SHR O 2 flux was significantly lower in all states (Fig. 1A) compared with Wistars. However, when normalized to citrate synthase content, there were no longer any differences seen between the two groups (Fig. 1B) . Despite lower O 2 flux per unit mass of tissue in the SHR, ROS production was at least doubled in all respiration states including where the mitochondrial membrane potential is dissipated with FCCP (Fig. 1C) . When net ROS production is expressed as a percentage of O 2 flux (relative ROS production), the difference between the two groups is further emphasized. ROS production accounts for 1.4 and 0.13% of the total O 2 flux in the oligomycin and OXPHOS states, respectively, in SHR hearts, whereas Wistar tissues reached 0.3% and 0.02% for the equivalent states (Fig. 1D) .
The lesser OXPHOS capacity per unit of wet tissue mass from the SHR hearts was also mirrored in the net ATP (Fig. 2B) , as did the respiratory control ratios (RCR) for respiration states with both CI and CI ϩ CII (Table 2) . However, the SHR heart mitochondria did show a 12% lower uncoupling control ratio compared with Wistars, indicating a lower excess capacity of the ETS relative to OXPHOS. The capacity of the mitochondrial ATPase to consume ATP through its activation as a hydrolase in anoxia was attenuated by 67% in the SHR hearts compared with the Wistar (Fig. 2A) .
Respirometric analyses using permeabilized fibers indicate impaired energetics. Respiration of permeabilized fibers was similar between groups (Fig. 3B ) in all states until the addition of the ADP-pyruvate kinase (PK) trap, where O 2 flux dropped by 35% in the SHR heart fibers such that it was 32% lower than in the Wistar fibers. Respiration did not decrease further with additional PK, indicating that all the ADP that could be sequestered had been within SHR fibers and that these were less efficient than those in the aged Wistar fibers at channeling ADP from myofibrils to mitochondria. The addition of creatine increased respiration by 21% in the Wistar fibers, indicating activation of the mtCK system, which increases the mitochondrial affinity for ADP (47) . This effect was not apparent for SHR fibers, likely illustrating a deficiency in mtCK in SHR heart muscle. Net ROS production was higher in all respiration states in the SHR fibers and became more pronounced when expressed as a percentage of O 2 flux (Fig. 3C) . The ADP-PK trap increased the relative ROS production by 207% in the SHR fibers (P ϭ 0.006); however, relative ROS production was only increased by 66% in the Wistar fibers (NS). Addition of creatine dropped relative ROS production compared with the ADP-trapped state by 32 Ϯ 5% (P ϭ 0.01) and 26 Ϯ 7% (P ϭ 0.03) in the Wistar and SHR fibers, respectively. While there was no significant difference between the two groups in the relative drop in ROS, the magnitude of relative ROS production was more than fourfold higher from the SHR fibers.
Enzyme Activities
The mitochondrial content marker citrate synthase was 35% lower in the SHR hearts compared with Wistar hearts (Table  3 ). The total CK activity was similarly lower in SHR hearts. The actomyosin hydrolysis of ATP was decreased by 32% in SHRs compared with Wistars.
Confocal Imaging
Fixed LV free wall tissues from five Wistar and six SHR animals were labeled for mitochondria, myofibrils, and sarcolemma to visualize the subcellular structure. Representative transversely oriented images of cardiomyocytes (Fig. 4, A and  B) show smaller more clumped mitochondria (green) wedged between larger, circular myofibrils (red) in SHR compared with Wistar. Fractional area of myofibrillar and mitochondrial labeling within the cardiomyocytes did not differ between the SHR hearts (48 Ϯ 3% for phalloidin and 39 Ϯ 1% for Tom20) and the Wistar hearts (49 Ϯ 2% for phalloidin and 35 Ϯ 2% for Tom20). However, distance maps (Fig. 4, C-F) showed that the mean distance from the center of the myofilaments to the edge of the myofilaments was greater in the SHR cardiomyocytes compared with the Wistars. From the myofilament masks the ratio of total perimeter to total area of the cardiomyocytes were calculated. There was a trend towards a smaller perimeter/area ratio in the SHR cardiomyocytes compared with the Wistars (Fig. 4G) , indicative of decreased contact between the myofilaments and the mitochondria per area of myofilaments. O2 flux was also normalized to citrate synthase (CS) content (B). H2O2 production as measured by amplex ultra-red normalized to tissue mass, which is representative of total reactive oxygen species (ROS) production in the homogenate (C). Total ROS production is also shown normalized to O2 flux (D). *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
DISCUSSION
The hearts of SHRs were two-and threefold greater in absolute and relative mass, respectively (Table 1) . While hypertrophy is initially compensatory, the 84-wk-old SHRs, such as those used in this study, are likely approaching end-stage heart failure (15) . Even at the nonfailing stage relative to Wistar cardiac trabeculae, SHR heart trabeculae (ϳ80 wk old) showed decreased enthalpy outputs (sum of work and heat generation), stress generation, contraction duration and velocities, and efficiencies of contraction (15) .
We employed two methods to explore mitochondrial function. The first approach compared O 2 flux capacities, ATP synthesis, and net ROS production in homogenized heart tissue. Homogenization disrupts the subcellular organization of cardiomyocytes and decreases diffusion limitations on substrates. Relative to the Wistars, the SHR mitochondrial O 2 flux per milligrams of tissue was lower in all states of respiration measured; however, these differences were similar when standardized to CS (28) . This indicates that SHR heart tissues have less mitochondrial capacity for a given mass. As fractional mitochondrial areas appeared similar within cardiomyocytes, the increased mass (wet weight) could result from increased fibrosis (49) , which could also account for the decreased actomyosin activity per milligrams of total protein. While the [ATP]/[O] ratio between groups and indexes of respiratory control were similar when measured in LV homogenates, which are measures of mitochondrial efficiency, the capacity to produce ATP per unit mass of tissue was impaired. Mitochondrial hydrolysis of ATP in anoxic states was also 67% lower in SHR homogenates, whereas we have previously noted that these remain relatively high in STZ-diabetic rat heart tissues (37). Anoxic ATP hydrolysis by the F 1 F 0 -ATPase is well described and inhibited by specific proteins to varying degrees in some species (14) . While the presence of these proteins in the SHR cardiac mitochondria warrants testing, inhibition of anoxic reversal of the F 1 F 0 -ATPase could act to protect the heart [ATP] during ischemic conditions. ATP synthesis rates and total CK activities per unit mass were, respectively, 32 (19) . The observed 32% decline in actomyosin ATP turnover in SHR is, in part, likely due to well described myosin heavy chain isoform changes to the slower ␤-myosin isoform (9) . These data allude to a concerted match between ATP supplies and sinks. This may be sufficient during low workloads; however, the SHR heart mitochondria had a lower uncoupling control ratio, which shows they have less scope for increased demand and perhaps less reserve of the ETS capacity under oxidative loads/stress. We have previously shown that isolated working SHR hearts show significant mitochondrial depression following high work rates to maximal capacities, whereas normotensive Wistar-Kyoto (WKY) hearts showed no significant effects following the equivalent treatment (17) .
The second approach we used was an assay to measure the coupling of mitochondria to myofibrils to test how ADP channeling may impair energy exchange. Here the addition of ATP instead of ADP was used to stimulate respiration, as the O 2 flux was then dependent on ATP turnover by cellular ATPases and diffusion flux of ADP (J ADP ) back to the mitochondria (in the absence of creatine). Coupling was then tested by addition of an ADP trap (PEP and PK). Relative to the Wistar heart fibers, PK inhibited endogenous OXPHOS more in the SHR, i.e., ADP was more easily trapped. Addition of creatine should relieve inhibition of the ADP trap, as ADP will be formed within the microdomains of the intermembrane space. In healthy hearts most high-energy phosphate is exported from mitochondria via CrP (4). Therefore, diffusion of ADP/ATP in the heart is thought to be limited and slowed due to intracellular diffusion barriers (3) . Respiration increased with the addition of creatine in the Wistars but not the SHRs, indicating that SHR hearts are likely to be more dependent on diffusion of ADP/ATP rather than the "creatine shuttle." N,N,N',N' -tetramethyl-p-phenylenediamine with inhibitor antimycin A, which inhibits upstream CIII. *P Ͻ 0.05.
The net ROS production for the LV homogenates and permeabilized fibers was higher in all respiration states in the SHR hearts and became more pronounced when expressed as a percentage of O 2 flux (Figs. 3 and 4) . This indicates that SHR heart tissues have a greater constant oxidative load and a loss of efficiency of the ETS compared with in the Wistar tissues.
Typically, ROS is greatest in the Leak state where the mitochondrial membrane potential is elevated, in particular in the presence of succinate (8, 31) . We show that ROS production was the highest in Leak states and even when depolarized (with FCCP) the SHR heart mitochondria produced a significant amount of ROS, where the Wistar's net ROS production was almost negligible. This demonstrates significant dysfunction of the ETS in the SHR heart, and the specific sites of ROS production in the uncoupled state require further investigation. Net ROS measurements conducted with permeabilized fibers using the ADP-PK trap, which in effect induces more of a Leak state (i.e., low ADP), increased ROS production by ϳ200% in the SHR fibers but only by 70% in Wistar fibers. Therefore, under high workloads where the CK system is compromised and the J ADP is diminished, ROS production should increase. Relative to WKY hearts, failing SHR hearts show signs of , red line). Bottom trace shows the concentration of H2O2 (nmol/ml, dark green) and the H2O2 efflux (pmol·s Ϫ1 ·ml Ϫ1 , lime green). Arrows indicate titration of various substrates (glutamate, pyruvate, succinate, phosphoenolpyruvate, and creatine), adenosine triphosphate (ATP, endo-OXPHIS), and enzyme pyruvate kinase (PK). Mean O2 flux (B) and H2O2 flux relative to O2 flux (C) from Wistar (black, n ϭ 5) and SHR (grey, n ϭ 5). *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. Values are means Ϯ SE. Citrate synthase (U/mg wet weight), creatine kinase (U/mg wet weight), and actomyosin (U/mg protein) measured in fractionated frozen left ventricular samples from Wistar (n ϭ 9) and SHR (n ϭ 6). *P Ͻ 0.05 and †P Ͻ 0.001. oxidative damage following exposure to high work rates using a working heart model, with a depression of CI-mediated O 2 flux in permeabilized fiber preparations, whereas no depression was observed in WKY fibers post stress (17) .
The ultrastructure of SHR cardiomyocytes also clearly differed from the aged Wistar heart (Fig. 1) and we contend that this may impact the bioenergetics and oxidative stress in SHR hearts. The greater distance between the centers of the myofibrils and mitochondria is a clear feature of the SHR cardiomyocytes compared with aged Wistar cardiomyocytes, and SHR myofibrils are larger and more globular relative to the Wistar myofibrils (Fig. 4) . This feature has also been noted in human idiopathic cardiomyopathy (10) . While mitochondrial expansion is shown to occur to match myofibril growth during hypertrophy (23), there is a limit to the space that mitochondria can occupy in working muscle before force production is compromised, and the upper limit in mammalian heart appears to be 35-40% (40) . Both SHR and Wistar hearts also showed no apparent crystalline mitochondrial arrangements as shown by others (46) , although both samples are from old animals where structural organization may deteriorate. We also note that this only captures distances in a relaxed (diastolic) state and that the cardiomyocyte dimensions are dynamic in the working heart, including the mitochondrial volumes (51) .
We propose that the impaired channeling of ADP observed in the SHR heart could result from increases in diffusion distance from myofibrils to mitochondria, which is 34% further for SHR than for Wistar cardiomyocytes, and should slow diffusion flux (J) by one-third. Diffusion coefficients (D) for unbound ATP and ADP at 37°C in rat skeletal muscle approximate 0.5 nm . C: mask created from the myofilament labeling (phalloidin), which was used to create a skeleton (D-E) to calulate the mean distance from the skeleton to the edge of the mask. Mean Ϯ SE values are shown in F for the phalloidin label (myofilaments) and Tom20 (mitochondria). The phalloidin mask was also used to calculate the ratio of area:perimeter for the phalloidin mask (G), the perimeter represents the contact sites of the mitochondria and the myofilaments. **P Ͻ 0.01.
and Cr (ϳ8 mM) (20) are maintained high and the CK system is assumed to be in equilibrium (11) , these metabolites likely have less effect on localized delivery to sites of consumption by cross bridges (11) until complete HF (34, 35 (19) . The CK system is assumed to accommodate the lower adenylate diffusion through localized rephosphorylation (11, 50) . The total CK activity was 30% lower in the SHR heart, and this may account for the lesser response following addition of creatine to permeabilized SHR fibers. CK depression is well described in HF models (34) . However, a proportionate decrease in maximally supported OXPHOS and ATP hydrolysis capacity may be accommodated by the decreased CK activity.
A limitation of assessing mitochondrial function in permeabilized fibers is that we cannot account for beat-to-beat regulation. In intact cardiomyocytes there is additional regulation of OXPHOS mediated by alterations in mitochondrial matrix [ (44) . It is suggested that SHR heart mitochondria may be operating at a higher basal [Ca 2ϩ ] m (36) and this is supported by higher resting and peak intracellular [Ca 2ϩ ] measured in SHR trabeculae (49) , which may act to compensate for decreased OXPHOS capacity in SHR hearts. Additionally beat-to-beat regulation may also occur via functional coupling of L-type Ca 2ϩ channels to mitochondrial voltage-dependent anion channels mediated by cytoskeletal interactions (48) . Structural remodeling, which occurs in SHR cardiomyocytes, could disrupt this functional coupling and contribute to poorer channeling of ADP to mitochondria.
Previous studies have not accounted for changes in adenylate and creatine shuttling in hypertrophic hearts, which would add to the "engine out of fuel" theory of the failing heart (34) . We show that within the SHR heart muscle there is a decrease in mitochondrial OXPHOS and impaired CK and ADP channeling, and the latter appears to promote ROS production above that of endogenous OXPHOS states. Nearly all the apparent deficiencies are approximately a third lower than in the Wistar heart muscle, apart from net ROS production, which is fourfold higher in the SHR fibers within OXPHOS under ADP trapping. We hypothesize that the decreases in ADP channeling in the SHR heart could be mediated by an expansion of myofibrils and decreased specific activities of actomyosin, which would generate a significant barrier to ADP flow. Others have proposed that, even within healthy muscle, diffusional anisotropy (directional variation in diffusion) results from intracellular barriers well within the boundaries of the sarcolemma (11) , and some of the diffusion barriers for CrP within myocytes have been attributed to the sarcoplasmic reticulum and mitochondria in an orientation-dependent manner (25) . Here we propose that the increased diffusion distance, in particular of ADP, may also impart a barrier within aged SHR hearts, and this coincides with metabolic depression and elevated ROS. Future studies should investigate the temporal progression of hypertrophy and its impact on high energy phosphate delivery.
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